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a b s t r a c t 
Osteoporosis is one of the most common skeletal diseases, but current therapies are limited to general- 
ized antiresorptive or anabolic interventions, which do not target regions that would benefit from im- 
provements to skeletal health. To improve the evaluation of treatment plans, we used a spatio-temporal 
multiscale approach that combines longitudinal in vivo micro-computed tomography (micro-CT) and in 
silico subject-specific finite element modeling to quantitatively map bone adaptation changes due to dis- 
ease and treatment at high resolution. Our findings show time and region-dependent modifications in 
bone remodelling following one and two sets of mechanical loading and/or pharmacological interven- 
tions. The multiscale results highlighted that the distal section was unaffected by mechanical loading 
alone but the proximal tibia had the greatest gain from positive interactions of combined therapies. Me- 
chanical loading abated the catabolic effect of PTH, but the main benefit of combined treatments occurred 
from the additive interactions of the two therapies in periosteal apposition. These results provide detailed 
insight into the efficacy of combined treatments, facilitating the optimisation of dosage and treatment 
duration in preclinical mouse studies, and the development of novel interventions for skeletal diseases. 
Statement of Significance 
Combined mechanical loading and pharmacotherapy have the potential to slow osteoporosis-induced 
bone loss but current therapies do not target the regions in need of strengthening. We show for the 
first time spatial region-dependant interactions between PTH and mechanical loading treatment in OVX 
mouse tibiae, highlighting local regions in the tibia that benefitted from separate and combined treat- 
ments. Combined experimental-computational analysis also detailed the lasting period of each treatment 
per location in the tibia, the extent of positive (or negative) interactions of the combined therapies, and 
the impact of each treatment on the regulation of bone adaptation spatio-temporally. This approach can 
be used to create hypothesis about the interactions of different treatments to optimise the design of 
biomaterials and medical interventions. 
© 2021 The Author(s). Published by Elsevier Ltd on behalf of Acta Materialia Inc. 
This is an open access article under the CC BY license ( http://creativecommons.org/licenses/by/4.0/ ) 
1. Introduction 
The role of functional adaptation in protecting bone from frac- 
ture has been recognised since Julius Wolff linked the internal ar- 
chitecture of bones to stress trajectories [1] . This form-function re- 
lationship is achieved by the (re)modelling of bone tissue in re- 
sponse to external loads [2] . Further development through Frost’s 
theory of “mechanostat’ hypothesizes that the local strain envi- 
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ronment mechano-regulates bone remodelling through a strain- 
controlled feedback loop, stimulating bone cell activity to remove 
excess bone in regions of low strain, and to form new bone in re- 
gions of high strain [3] . This knowledge has been used to treat 
bone diseases such as osteoporosis, through the prescription of ex- 
ercises and whole-body vibration [4] . However, treatment based on 
mechanical loading alone has inherent risks as it may induce the 
very fracture that it is meant to prevent, as osteoporotic bones are 
low in bone mass and quality [4] . On the other hand, pharmacolog- 
ical treatments can strengthen the skeleton [5] and enhance bone’s 
osteogenic response to loading [6] . However, anabolic agents are 
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only approved by the US Food and Drug Administration for use in 
patients with severe osteoporosis up to a maximum 2 years [7] . 
Therefore, understanding how the regulation of (re)modelling is 
affected by mechanical loading and pharmacological treatment in 
preclinical investigations can improve the identification of effective 
treatment strategies for bone diseases. 
Improvements in imaging techniques have enhanced our under- 
standing of bone structural changes at different dimensional scales. 
However, the mechanisms underpinning the variation in spatial 
adaptation across the tibial length remain poorly understood [ 8 , 9 ], 
as most studies involving rodent long bones were performed on 
small regions of interests [ 6 , 10 , 11 ]. Standard analysis of sample re- 
gions in mice scanned using micro-computed tomography (micro- 
CT) includes the computation of morphometric (e.g. bone volume 
fraction, BV/TV, and trabecular thickness Tb.Th) and densitomet- 
ric (e.g. bone mineral content, BMC) parameters as measures of 
bone health [ 12 , 13 ]. Studies have shown that 3D morphometric 
measurements highly correlate with the results from standard 2D 
histomorphometry, while overcoming limitations of the latter. Se- 
rial sectioning is destructive and limited to cross-sectional study 
design, requiring a larger sample size per study design; assess- 
ment of bone parameters is sensitive to the selection plane; flu- 
orochrome labelling can only identify sites of apposition but it 
also alters mineral properties [12-14] . Contradictory results on the 
effects of bone anabolic treatments (specifically the injections of 
parathyroid hormone, PTH) in promoting bone health led to the 
development of spatio-temporal approaches based on longitudinal 
micro-CT imaging [15] . This approach has allowed the identifica- 
tion of early effects of combined pharmacological and mechani- 
cal treatments on the local densitometric properties in the entire 
mouse tibia [16] . However, most studies that investigated the ef- 
fects of combined treatments utilised a cross-sectional study de- 
sign in small segments of the bone [17] , and have not quantified 
the spatio-temporal changes in morphometric and densitometric 
properties with treatment-induced shape changes [18] . Hence, a 
method to relate regions of bone adaptation across the bone length 
with modifications in bone shape is highly desirable to build pre- 
dictive models of bone adaptation that can be used to test and op- 
timise treatment strategies preclinically. 
In vivo longitudinal imaging enables the monitoring of bone 
changes in intact whole bones of the same animals over time. 
Combined with dynamic 3D assessments with micrometre reso- 
lution, the lower inter-subject variation highlights the effects of 
novel treatments and reduces the number of animals required in 
the experiments. This is in line with 3Rs principles to refine, re- 
duce and partially replace animals used in research [19] . The cou- 
pling of time-lapsed imaging with validated finite element analysis 
(FEA) [20-23] has advanced knowledge about the role of local me- 
chanics in causing bone adaptation [ 18 , 24-27 ]. However, heteroge- 
nous spatio-temporal bone adaptation has been observed [ 8 , 18 , 24 ], 
and current methodologies have several limitations in correlating 
between bone adaptation and mechanical stimuli in animal mod- 
els of osteoporosis. Firstly, current models average the computed 
strain across the cross-section [ 18 , 28 , 29 ] but the curvature of the 
mouse tibia varies up to ten times across the length of the tibia, 
affecting dramatically the strain in the different sectors of each 
section. Secondly, although previous studies have compared FE es- 
timated strains with surface bone remodelling in subsections of 
the mouse tibia [ 10 , 30 ], little is known about what happens at the 
different active surfaces of the bone (endosteal and periosteal re- 
gions), and across different compartments (anterior, medial, poste- 
rior, lateral) in the whole bone due to oestrogen deficiency. Thirdly, 
it is not known if these models can be applied to evaluate the re- 
sponse of systemic changes due to diseases and pharmacological 
applications (e.g. oestrogen deficiency and PTH treatment) in the 
mouse tibia. 
To overcome the above-mentioned challenges, we have com- 
bined multiscale longitudinal micro-CT and micro-FEA to precisely 
monitor and quantify changes in internal bone architecture and 
external geometry. We demonstrate for the first time the evolu- 
tion of systemic and localised changes in terms of bone adaptation, 
densitometric and biomechanical properties following mechanical 
loading, PTH and combined treatments in the oestrogen deficient 
mouse tibia. The results address several unanswered questions in 
the preclinical assessment of bone health, including: (1) How long 
did the effect of each treatment persist and where within the 
tibia? (2) What is the role of geometry in the interaction be- 
tween mechanical loading and PTH? (3) How does the regulation 
of bone adaptation change spatially and with time after treatment? 
Our results indicate for the first time the changing effectiveness 
of three treatment interventions in the oestrogen deficient mouse 
tibia with time. This improved understanding of the locations and 
nature of bone changes facilitaties the optimisation of treatment 




To evaluate the effect of disease and subsequent treatment 
across the tibial length, an optimised scanning protocol that min- 
imised the effect of the ionising radiation on bone remodelling 
[ 31 , 32 ], for repeated imaging every 2 weeks, was performed on 
a mouse model of osteoporosis ( Fig. 1 A). The study design com- 
prises of three treatment groups ( n = 6 mice/group) after ovariec- 
tomy (OVX) – 1) mechanical loading (ML), 2) parathyroid hormone 
(PTH) and 3) concurrent mechanical and PTH (PTHML) treatments 
– and the untreated OVX control (UNT, n = 5) ( Fig. 1 B). 
Eighteen healthy female C57BL/6 mice were obtained from 
Charles Rivers (Margate, UK) at 13-weeks of age. All animals were 
housed in a standard animal facility, with a 12 h light and 12 h 
dark cycle, controlled temperature of 22 °C, and fed ad libitum 
[16] . All animal procedures were conducted in compliance with the 
ARRIVE (Animal Research: Reporting of in vivo Experiments) guide- 
lines, the UK Animals (Scientific Procedures) Act 1986 and were 
approved by the local Research Ethics Committee of the University 
of Sheffield. All animals were ovariectomised (OVX) at 14-weeks of 
age to induce bone loss due to oestrogen deficiency and mimic the 
effect of osteoporosis. The mice were randomised into 3 weight- 
matched groups ( n = 6 per group) to receive parathyroid hormone 
treatment (PTH), mechanical loading treatment (ML), or combined 
PTH and mechanical loading treatments (PTHML) ( Fig. 1 B). Body 
weight was measured once a week. 
2.1.1. PTH treatment 
From 18-weeks till 22-weeks of age, all mice in this group 
were treated with 100 µg/kg/day of parathyroid hormone (PTH1–
34, Bachem, Bubendorf, Switzerland) by intraperitoneal injection 5 
days a week. 
2.1.2. In vivo mechanical loading 
The loading procedure was based on an approach that was 
found to engender compressive and tensile strains of up to -1500 
µε and 20 0 0 µε, respectively, in 12-weeks old tibia [33] . Mechan- 
ical loading was applied in vivo at 19- and 21-weeks with a 2–12 N 
trapezoidal load, 40 cycles/day and 3 days/week on alternate days 
to the right tibia fixed between two soft cups, as previously re- 
ported [ 16 , 24 ]. Each loading cycle was separated by a 10 s interval, 
loaded to a peak load of 12 N at 16 kN/s on a static 2.0 N preload, 
held for 0.2 s, before unloading at the same rate. Loading was con- 
ducted every other week from the in vivo scans to improve animal 
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Fig. 1. Experimental design and data analysis for in vivo longitudinal micro-CT imaging. (A) Schematic of the pre-processing, image analysis and structural analysis workflow 
after the reconstruction of micro-CT scans. (B) Experimental study design investigating the effects of different treatments on bone health. ML: mechanical loading, PTH: 
parathyroid hormone treatment, PTHML: combined ML and PTH treatments, UNT: untreated OVX control. (C) The tibial loading model used. 
welfare by minimising the number of anaesthesia sessions applied 
in the same week. All mice received intraperitoneal injection of ve- 
hicle 5 days/week. 
2.1.3. Combined PTH and mechanical loading 
The effects of combined mechanical loading and PTH treat- 
ments were investigated by administrating PTH 2–3 h post-loading. 
The procedures for PTH and mechanical loading are as stated in 
Section 2.1.1 and 2.1.2 , respectively. 
2.1.4. Untreated OVX control 
To determine the lasting effect of treatment, all results were 
compared against a previous dataset which has the same scanning 
protocol as in this study, where the mice received no treatment 
after OVX at 14-weeks of age (UNT) [34] . 
2.2. In vivo micro-CT monitoring of bone adaptation 
In vivo scanning of the whole right tibiae were performed every 
two weeks from week 14 until week 22 (vivaCT 80, Scanco Med- 
ical, Brüttisellen, Switzerland) with an optimised scanning proce- 
dure that offered the best compromise between scan quality and 
image acquisition time (100 ms integration time, 10.4 µm voxel 
size), while having minimal radiation effect on bone remodelling 
[ 31 , 32 ]. The X-ray source operated at 55 keV, 45 μA with a 0.5 mm 
aluminium filter, 750 projections/180 ° in a field of view of 32 mm 
to result in an isotropic voxel size of 10.4 μm at a nominal radiation 
dose of 256 mGy, to optimise between image quality and radiation 
dose [32] . All volumes were reconstructed using a third order poly- 
nomial beam hardening correction algorithm based on a 1200 mg 
HA/cm 3 phantom to minimise beam hardening artefacts [35] . 
2.3. 3D image registration 
To compare bone changes within and between subjects, micro- 
CT images from all time points were rigidly registered to a ref- 
erence bone (Amira 6.3.0, Thermo Fisher Scientific, France) using 
normalized mutual information as the optimization criterion and 
resampled using Lanczos interpolator [ 15 , 36 ] ( Fig. 1 A). Following 
geometrical alignment, a cropping plane perpendicular to the lon- 
gitudinal axis was used to crop the images to 80% of the tibial 
length starting from the slice below the proximal growth plate, to 
exclude changes in the growth plate in the analysis [36] . The lin- 
ear attenuation coefficient in each voxel was converted to tissue 
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mineral density (TMD) values using a five-rod densitometric phan- 
tom (Scanco Medical, Brüttisellen, Switzerland) and density cali- 
bration constants provided by the micro-CT manufacturer. The im- 
ages were segmented by applying a threshold binarization, calcu- 
lated as the midpoint of the background and object peaks in the 
grey value histograms [32] . 
2.4. 3D densitometric and spatial analyses 
To quantify the regions of bone adaptation, densitometric prop- 
erties — bone volume (BV), bone volume fraction (BV/TV), bone 
mineral content (BMC) and volumetric bone mineral density (BMD) 
— were computed for all images as detailed previously [36] . TV is 
the volume enclosed by the periosteal surface. The BMC of a region 
is the product of the voxel volume and the summation of the TMD 
of the bone voxels. BMD is computed by normalising BMC with TV. 
Quantification of the registration protocol achieved precision er- 
rors of less than 3.5% and intraclass correlation coefficients of over 
0.8 in bone mineral content (BMC) [36] , which enabled the com- 
parison of the analysis results across mice and treatment groups. 
In addition, spatial analysis was conducted to identify the sites 
of bone remodelling, after superimposing the registered images of 
each mouse, aligning their volumetric centroid, and cropping them 
to the same length [24] . Surface voxels were determined by locat- 
ing the endosteal and periosteal outlines of the segmented images, 
separated into regions that underwent increases (apposition) and 
decreases (resorption) in TMD values ( Fig. 3 A). The analyses were 
conducted for the whole bone and 40 compartments (10 longitudi- 
nal sections, 4 partitions in each section in the anterior, posterior, 
lateral and medial regions), which maximises the spatial resolu- 
tion (number of longitudinal section) while ensuring measurement 
reproducibility (Matlab 2018a, MathWorks, MA, USA) [ 15 , 36 ]. All 
trabecular bone was found within section 10 of the longitudinal 
section and analysed together with the cortical bone. 
2.5. Changes in strain distribution due to disease and treatment 
Treatment-induced structural changes in the bones were as- 
sessed using micro-CT based finite element analysis (micro-FEA). 
Micro-FEA mesh were built by converting all bone voxels in the 
segmented images into linear hexahedral elements (Abaqus 2017, 
Dassault Systèmes, RI, USA). Tissue homogeneity was assumed, 
to isolate the changes in structural properties due to geometrical 
shape changes. This has been validated with in situ mechanical 
testing and digital volume correlation to reproduce the displace- 
ment and stiffness measured experimentally [21] . The predictions 
of the structural properties were also validated against monotonic 
experiments ex vivo [ 22 , 37 ]. Hence, all elements were assigned 
Young’s modulus = 14.8 GPa and Poisson’s ratio = 0.3 [ 21 , 22 ]. 
Micro-FEA was performed using a previously established protocol 
by applying a peak physiological load of 0.01355 ∗BW N/g along 
the superior-inferior direction and 0.00289 ∗BW N/g along the 
posterior-anterior direction, scaled according to the body weight 
(BW) of the mouse at each week [38] . This peak load was calcu- 
lated from gait and force plate data acquired from mice during 
treadmill walking [39] , and applied to the centroid of the most 
distal slice via kinematic coupling. The most proximal nodes were 
constrained from movement. Physiological loading, rather than the 
force applied during external loading, was applied to compare 
changes in the bone’s ability to withstand physiological loading 
with time, following OVX and subsequent treatment(s). Strain En- 
ergy Density (SED) distributions were computed as the average for 
each slice, normalised against the tibial length. Statistical analyses 
were performed across SED distributions averaged across each sec- 
tion of the bone. 
2.6. Mechanical regulation of bone adaptation 
The local mechanical stimuli (SED) estimated from micro-FEA 
were used as inputs to a mechanoregulation algorithm to deter- 
mine the extent that bone changes were linearly strain driven [38] . 
This bone adaptation algorithm is based on the mechanostat the- 
ory, which assumes that bone responds to changes in mechani- 
cal stimuli by linearly adapting its TMD [3] . This methodology has 
also been demonstrated to achieve high spatial match and pre- 
dictive accuracy in apposition in OVX, healthy and mechanically 
loaded tibiae [ 24 , 38 , 40 ]. The mechanical stimuli were applied to 
bone geometries represented in the micro-CT images from week 
j to predict changes in bone geometry and to generate pseudo 
micro-CT images at week j + 2, for comparison with the ex- 
perimental dataset [ 24 , 38 ]. The mechanoregulation algorithm has 
three model parameters (apposition/resorption remodelling rates 
and apposition-resorption threshold) that could be altered at the 
global level of the whole bone per animal, due to disease and 
treatment. Hence an optimisation algorithm that minimises the 
difference in the volumetric second moment between the geome- 
tries in the predicted and experimental images at week j + 2 was 
applied subject-specifically, to determine the remodelling parame- 





i = 1 
(





i = 1 
(
I yy, j + 2 −I yy ( predicted ) , j + 2 
)2 
) 
Where the index j refers to the start of the time frame (week) 
of the input images used in computing the mechanical stimuli 
at week j and the predicted images at week j + 2. I xx = 
∫ ∫ 
y 2 dV 
and I yy = 
∫ ∫ 
x 2 dV are the volumetric second moment about the 
anterior-posterior and medial-lateral axis in each longitudinal sec- 
tion i of the tibia, respectively. 
Comparisons of the accuracy in predicting the local bone 
changes, against the remodelling events computed from the 
follow-up images, were used to determine the extent that bone 
adaptation was mechanically strain driven at the organ level. Two 
spatial evaluation metrics were implemented by computing the to- 
tal number of surface voxels that have the same state change (ap- 
position or resorption) in the experimental and predicted datasets, 
1) normalised by the total number of voxels with the state change 
in the predicted dataset (spatial match), or 2) normalised by to- 
tal number of voxels with the state change in the experimental 
dataset (predictive accuracy). Spatial match and predictive accu- 
racy are inverse measures of type I (false positive) and type II (false 
negative) errors, respectively. The evaluation metrics were com- 
puted separately for the endosteal and periosteal surfaces across 
10 longitudinal sections of the tibia. 
2.7. Statistical analyses 
All results are presented as means ± standard deviation. Statis- 
tical analyses were performed using Origin 2019b (OriginLab Corp., 
MA, USA). Wilcoxon signed-rank test was used to assess between 
two time periods within each treatment group, while the Mann- 
Whitney U test was used when comparing between treatments at 
each time period due to the small sample size ( N = 5 or N = 6). 
This was followed by two-way ANOVA to determine the effects 
of interactions if combined treatments were significantly different 
than both monotherapies and the changes were in the same direc- 
tion. Where PTHML treatment was significantly different from the 
effect of a single monotherapy, the benefits are additive and no 
further statistical analysis was conducted. Regression analysis be- 
tween SED and the frequency of bone remodelling across the most 
proximal seven longitudinal sections in the tibia (region proxi- 
mal to the tibio-fibular joint) was performed using pooled data 
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Fig. 2. Comparison of the benefits of mechanical loading (ML), parathyroid hormone (PTH) and combined treatments (PTHML) on densitometric parameters. The analyses 
were performed 2 and 4 weeks after the commencement of treatment at week 18, compared against the untreated OVX control (UNT). (A) Bone mineral content (BMC). (B) 
Bone mineral density (BMD). The boxes in the graphs encompass the 25th and 75th percentile (IQR); the whiskers indicate the range within 1.5 IQR. The horizontal bar and 
square box represent the median and mean, respectively. Data points (solid dots) identify the mice in the experiments ( N = 6 for all treatment, N = 5 for UNT). ∗ indicates 
significance ( p < 0.05; Mann-Whitney U test). 
of all mice in each dataset. The F -test was used to compare the 
mechano-response between treatments. Statistical significance is 
indicated by p < 0.05 (two-tailed) and plotted in blue or orange 
in heat maps of p values. 
3. Results 
3.1. The lasting effect of treatment on bone properties 
Analyses conducted in the whole bone showed that treatment 
by PTH or PTHML caused a significant increase in BMC and BMD, 
compared to the untreated OVX group at week 20 ( Fig. 2 A). ML 
treatment was only effective in improving BMD at week 20. At 
week 22, all treatment options were effective in increasing BMC 
compared to the UNT group, but only PTHML treatment signifi- 
cantly improved BMD. Although the results indicated a significant 
difference in BMC between ML and PTHML treated tibia at week 
20, this was due to the initial difference in BMC at the commence- 
ment of treatment at week 18 (changes in BMC between weeks 18–
20 were not significantly different: 16.1 ± 4.0% for the ML group; 
18.6 ± 1.5% for the PTH group; 17.9 ± 1.5% for the PTHML group). 
At week 22, BMC in PTHML treated tibia was significantly higher 
than for other treatments, but the change in BMC at weeks 20–
22 was not significantly different between ML and PTHML (ML: 
6.0 ± 3.0%; PTH 2.6 ± 1.5%; PTHML: 6.5 ± 2.5%). Similar to BMC, 
the increase of BMD slowed between weeks 20–22. PTH was un- 
able to prevent a reduction in BMD in some cases, and this change 
was significantly different to that in the ML group (ML: 3.2 ± 2.5%, 
PTH: −0.6 ± 2.0%, PTHML: 1.9 ± 2.1%) ( Fig. 2 B, Supplementary Fig. 
S1). Across the 4 weeks assessment period, only combined treat- 
ments (PTHML) resulted in significantly higher BMC and BMD than 
in nontreated tibiae at both weeks 20 and 22. 
To quantify the sites of bone apposition and resorption every 2 
weeks, image analysis was performed by superimposing and com- 
paring the follow-up images. All three treatments were effective in 
increasing periosteal apposition and reducing periosteal resorption 
at weeks 18–20 and 20–22 for the most proximal 70% of the tib- 
ial length ( Fig. 3 A). However, a rebound in periosteal resorption at 
weeks 20–22 was observed for all treatments. The decrease in pe- 
riosteal apposition at weeks 20–22 compared to weeks 18–20 was 
region-specific, affecting 10%, 80% and 50% of the sections for ML, 
PTH, and PTHML treatments, respectively. However, all the treat- 
ments had no significant effect on periosteal resorption for over 
80% of the tibial length. The results also indicated that, apart from 
the distal region ( Sections 1 - 2 ), there were no significant effect of 
all evaluated treatments in reducing endosteal resorption during 
the whole study period. 
Understanding the changes in strain distribution in the mouse 
tibia under physiological loading is important to understand the 
relationship between the mechanical stimulus (e.g. the strain en- 
ergy density, SED) and the bone adaptation. The micro-FEA results 
indicated that all three treatments were effective at reducing the 
SED across 90% of the tibia length 2 weeks after treatment com- 
menced (week 20) ( Fig. 3 B). Reduction of SED slowed between 
weeks 20–22 across treatment in the cortical bone but increased 
for the region comprising primarily of trabecular bone (section 10). 
ML and PTHML induced similar patterns of region-specific strain 
changes; changes due to PTH were similar throughout the tibial 
length. 
3.2. Interactions between mechanical loading and PTH are additive 
and competitive 
For BMC, there was a similar effect of separate and combined 
mechanical loading and PTH treatments between weeks 18–20 ex- 
cept for section 9 of the medial sector ( Fig. 4 ). Improvements in 
BMC at weeks 20–22 affected only the diaphysis and proximal tibia 
( Fig. 4 F) and were lower than in weeks 18–20 ( Fig. 4 A). Between 
weeks 20–22, the changes in BMC were similar for the different 
sub-regions in the PTH group. The changes in BMC at week 22 due 
to PTHML treatment generally followed the trend observed in the 
ML group, with a similar trend for the changes in strain distribu- 
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Fig. 3. The changes induced by mechanical loading (ML), parathyroid hormone (PTH) and combined treatments (PTHML) between weeks 18–20 and weeks 20–22. (A) Spatio- 
temporal differences in the experimentally measured bone adaptation on the endosteal and periosteal surfaces. (B) The changes in strain energy density (SED) along the tibial 
length show that regional improvements in bone adaptation benefitted the whole bone at weeks 18–20, but further reductions in SED were smaller or mixed (e.g. Section 5 ) 
at weeks 20–22. Statistical significant differences along the tibial length are represented as heat maps (Wilcoxon signed rank test). Numbers in the heat maps indicate the 
relative difference with respect to the treatment mentioned first. 
tion ( Fig. 3 B). However, there was a reduction and improvement 
in BMC in the distal tibia for the ML and PTH groups, respectively, 
with PTH mitigating the effect of ML in the PTHML treated tibiae. 
These results showed that the benefits of combined ML and PTH 
treatments on the material and geometrical properties at week 20 
were minimal across 80% of the tibia. At week 22, combined treat- 
ments improved BMC in the distal tibia and the structural prop- 
erties in the proximal tibia non-additively, compared to separate 
individual treatments ( p < 0.05). 
Periosteal apposition due to PTHML was significantly higher in 
the proximal tibia than either monotherapy at both weeks 18–20 
and 20–22, indicating that there was a positive benefit of the com- 
bined treatments in the proximal tibia ( Fig. 3 A). In addition, there 
was a quantitative competitive relationship in increased periosteal 
apposition in section 9 at weeks 18–20 ( p = 0.01). There was 
no significant interaction between PTH and ML in sections 7–8 at 
weeks 18–20, and sections 7–9 at weeks 20–22 ( p > 0.05). Endosteal 
resorption at the diaphysis (Section 4-6) was similar for all treat- 
ments at weeks 18–20. Endosteal resorption further increased fol- 
lowing an additional 2 weeks of PTH monotherapy, indicating that 
the catabolic effect of PTH sets in after the second set of treatment. 
PTHML was able to abrogate some but not all the catabolic effect 
of PTH on the endosteum. For example, Section 5 in the diaphysis 
had significantly lower endosteum resorption for PTHML than PTH 
( p < 0.05). PTHML also mitigated some of the bone loss in the distal 
tibia after ML at weeks 20–22. Periosteal apposition in the distal 
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Fig. 4. The interactions between ML and PTH on the improvements to bone quality (BMC) compared with the untreated OVX mouse tibia (UNT). Lines indicate mean and 
standard deviation along the longitudinal axis from distal (1) to proximal (10) for (A-E) weeks 18–20 and (F-J) week 20–22 in the anterior, lateral, medial and posterior 
sections. The regional response induced by ML and PTHML were similar, indicating the dominant effect of mechanical loading on the proximal tibia. Arrows indicate sectors 
with a dominating ML effect on PTHML treatment. 
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tibia was not significantly different between PTH and PTHML treat- 
ments but were higher when compared with ML alone, indicating 
that combined effects were additive below the distal tibio-fibular 
joint. 
3.3. Strain distribution predicted by the micro-FEA is correlated to 
local osteogenesis 
Sub-analysis enables the examination of locations that were un- 
affected by the treatment strategy or may require further optimi- 
sation. Fig. 5 showed that the overall strain changes in the whole 
bone was driven by changes on the periosteal surface and the an- 
terior region. Mechanical loading resulted in the smallest reduc- 
tions in SED between weeks 18–20 in the anterior-medial region 
( Fig. 5 and Fig. 6 ). The results also showed some reversal in the 
initial reduction of SED in the proximal tibia (sections 8 and 9) at 
week 22 in the medial region for the ML and PTH treated groups. 
Visualisation of the locations of bone adaptation revealed that the 
increase in SED for all three treatments at week 22 was linked to 
the locations of increased resorption ( Fig. 6 ). This increase in SED 
was mitigated by higher levels of bone apposition in the ML and 
PTHML groups, in contrast to the PTH group ( Fig. 6 F, I, L). The in- 
crease in bone apposition at both weeks 20 and 22 across treat- 
ments prevented the increase of SED that was observed in the un- 
treated OVX tibia. 
Combining image analysis and mechanical stimuli (i.e. the 
strain and SED fields) obtained from micro-FEA [38] enables the 
assessment of the effect of each treatment to withstand daily phys- 
iological loads. The correlation plots indicated a regional difference 
in bone adaptation across the different groups, with a significant 
correlation between the mechanical stimulus and the periosteal 
apposition for the most proximal 70% of the tibia, above the tibio- 
fibular joint at weeks 20–22 ( F -test: p < 0.001; 0.572 < R 2 < 0.890) 
( Fig. 7 B). Conversely, no correlation was found for regions distal 
to the tibio-fibular joint (grey markers). At weeks 18–20, signif- 
icant differences were found between the PTHML group and ei- 
ther monotherapy ( F -test: p < 0.01; 0.617 < R 2 < 0.797). All the three 
treatments triggered an effective anabolic response compared to 
the untreated OVX group at weeks 18–20 and 20–22 ( F -test: 
p < 0.0 0 01). Mechanical loading-based treatments led to the high- 
est increase in periosteal apposition rate, especially in the poste- 
rior regions ( Fig. 7 D, Supplementary Fig. S3). The response in each 
treated group was significantly different from each other at both 
time periods for all groups except between ML and PTH at weeks 
18–20 ( F -test: p < 0.01). On the contrary, induced periosteal resorp- 
tion was similar for each treatment at either weeks 18–20 or 20–
22 in the whole, anterior, or proximal tibia ( Fig. 7 C, E, Supplemen- 
tary Fig. S3). Compared to the untreated OVX group, there was only 
a significant difference in periosteal resorption with the PTH group 
at weeks 20–22 ( F -test: p < 0.05). 
3.4. Correlating tissue loading with predications of spatial bone 
adaptation 
Micro-FEA modelling was coupled with a standard mechanos- 
tat algorithm [24] to investigate the effects of each treatment on 
the mechanical regulation of bone adaptation. Using an organ-level 
linear algorithm that accounts for the changes in bone curvature 
along the tibia, the results showed that all treatments followed 
a similar trend across the tibial length, with 50–90% of the bone 
apposition linearly related to physiological strain ( Fig. 8 ). All pa- 
rameters assigned to the mechanostat model, optimised to min- 
imise the error between the predicted and actual volumetric sec- 
ond moment, can be found in Supplementary Table S1. The remod- 
elling thresholds and the resorptions rates for the PTHML group 
were significantly different compared to either monotherapy at 
both weeks 18–20 and 20–22 ( p < 0.05). The lower prediction accu- 
racy in periosteal apposition for the PTHML group suggests that it 
has a greater extent of bone apposition that was not linearly strain 
driven ( Fig. 8 ). The higher spatial match for ML and PTHML groups 
than PTH suggests the higher dominance of mechanical regulation 
in mice that were treated with passive loading. The low prediction 
accuracy for resorption is probably the result of assuming an in- 
verse correlation between SED and resorption as in the mechano- 
stat theory; however the experimental results showed a direct 
relationship between resorption and SED ( Fig. 7 C, E). These re- 
sults showed that the catabolic effects accompanied the treatment- 
induced anabolic effects as part of the remodelling cycle. Hence, 
resorption is not mechanically regulated but it is probably driven 
by biological stimuli at the cell-tissue level. 
4. Discussion 
Results from recent longitudinal studies indicate that mechan- 
ical loading treatment exerts spatial differences in the retention 
of accrued benefits in the whole bone of healthy [18] and OVX 
[24] mouse tibia. Enhancement of this natural anabolic stimu- 
lus with systemic anabolic PTH treatment has shown mixed site- 
specific effects in small segments of the healthy tibia [ 6 , 11 ] and 
across whole OVX tibiae for morphometric and densitometric pa- 
rameters [16] . Hence, it is imperative to develop a detailed un- 
derstanding of the modulation of mechanical and pharmacological 
treatment on bone adaptation across length scale and time in or- 
der to optimise the treatment of osteoporosis. 
Many studies that investigated the osteogenic response of me- 
chanical loading and pharmacological treatments were conducted 
using a cross-sectional study design involving specific segments of 
the mouse tibia [ 6 , 11 ]. Longitudinal imaging has several advan- 
tages in monitoring bone changes with time compared to tradi- 
tional methods, including the reduction of inter-subject differences, 
measurement variability and sample size required. However, the 
applicability of this approach to evaluate the mechanisms of ac- 
tions of individual and combined treatments at improving skele- 
tal health in the whole diseased tibia has not been evaluated. The 
results showed for the first time that combined in vivo micro-CT 
imaging and in silico modelling enable the assessment of the effi- 
cacy of novel treatments to osteoporosis in three distinct aspects 
in 4D (time and space). Firstly, we quantified the benefits of each 
monotherapy in slowing the progression of accelerated bone re- 
sorption due to OVX spatio-temporally, and delineated that most 
of the positive interactions between mechanical loading and PTH 
treatment were additive. Secondly, the link between the locations 
of bone adaptation and the local stimuli under physiological load- 
ing was investigated to determine the contribution of apposition 
and resorption on each bone surface in improving bone health. 
Thirdly, we investigated the changes in the mechanical regulation 
of bone remodelling after two and four weeks of treatment to 
withstand daily physiological loading. 
The results indicated that all three treatments had similar early 
benefits to densitometric properties at weeks 18–20 across the tib- 
ial length through elevated rates of bone apposition and reduced 
rates of resorption, but slowed at weeks 20–22 with continued 
treatment. Although the lower bone apposition of the ML group 
at weeks 20–22 is consistent with earlier studies that loaded the 
healthy tibia [18] , the change in BV/TV of all three treatments at 
the later period is in contrast with the treated OVX caudal ver- 
tebrae [25] . Previous studies have typically focussed on standard 
morphometric analysis [ 10 , 25 , 33 , 41 ] or spatial distribution of bone 
remodelling [ 8 , 42 ], but our results showed for the first time that 
the smaller changes at weeks 20–22 than 18–20 are linked to the 
rebound in periosteal resorption and the reduction in apposition. 
In particular, the even changes in periosteal remodelling for PTH 
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Fig. 5. Spatio-temporal changes in strain energy density (SED) for ML, PTH and ML treatments with time. The results show that bone adaptation on the anterior and posterior 
regions contributed predominately to the overall changes in SED. (A) SED frequency distribution plot at the commencement of treatment at week 18. Effect of increasing 
the period of treatment in terms of changes in SED at (B) weeks 18–20 and (C) weeks 20–22. All values average ± standard deviations. Arrows indicate a reversal from the 
initial reduction in SED. 
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Fig. 6. Bone adaptation and changes in mechanical environment in control and treated tibiae. 3D views show the decrease in strain energy density (SED) distribution in the 
proximal tibia (section 8–9) under physiological loading between weeks 18–20 in the treated groups, and some loss of the accrued benefits in week 22. (A-C) UNT, (D-F) ML, 
(G-I) PTH and (J-L) PTHML. 2D slices in between the weeks show the locations of bone adaptation in the mid-section. White arrows indicate regions with increases in SED 
between weeks 20–22. Black arrows indicate regions with the largest difference between treatment groups. 
across the tibial length at weeks 20–22 ( Fig. 3 A) were reflected 
in the even increase in SED ( Fig. 3 B) and matched by the large 
drop off in the rate of change of densitometric properties across 
the tibial length ( Fig. 4 , Supplementary Fig. S2). Although bone 
adaptation was similar for ML and PTH monotherapies across over 
50% of the tibial length at weeks 18–20, loading-induced bene- 
fits targeted primarily the proximal region at weeks 20–22, con- 
sistent with loading studies conducted on healthy tibia [11] . At 
weeks 20–22, the majority of the earlier accrued benefits at the 
distal region ( Section 1 - 3 ) were lost in tibiae treated with mechan- 
ical loading alone, resulting in higher SED in the endosteal section 
( Fig. 5 A). Morphometric parameters of both ML and PTHML groups 
were similar or higher than data from wild type negative control 
at both weeks 20 and 22 [ 16 , 34 ]. However, from the spatial ( Fig. 3 ) 
and micro-FE analyses ( Fig. 6 , Fig. 7 ), the higher apposition and 
lower resorption of PTHML at both time periods across the tibial 
length made it more effective than either monotherapy in slowing 
the progress of osteoporosis at week 22. 
Assessment of the amount and rate of bone adaptation revealed 
that PTH and mechanical loading’s enhancement of each other 
is time- and site- dependant ( Fig. 3 A). Mechanical loading had a 
slight dominating effect at weeks 18–20 due to similarities with 
PTHML treatment for the SED curve at the organ level ( Fig. 3 B) 
and BMC in the lateral compartment ( Fig. 4 C). However, this ef- 
fect became stronger at weeks 20–22 with close similarities in the 
ML- and PTHML- induced BMC and SED changes in all four sec- 
tors at the tissue level ( Fig. 4 , Fig. 5 ). This disparity could be due 
to the strong anabolic effect of PTH at the earlier period of weeks 
18–20, as reported in the OVX caudal vertebra [25] , healthy femur 
and tibia [ 11 , 43 ]. Strong anabolic response are observed during the 
‘anabolic window’ when PTH stimulates bone apposition without 
an increase in resorption [ 44 , 45 ]. However, the results showed that 
the window passed after week 20, as the increase in resorption led 
to an overall increase in SED and reduction in BMC at weeks 20–
22 in the PTH treated tibiae. Fig. 3 A showed that mechanical load- 
ing had a small effect in abrogating the catabolic effects of PTH 
at weeks 20–22, but improvements in BMC and strain distribution 
( Fig. 3 B, Fig. 4 ) occurred from the positive interactions of the two 
therapies in periosteal apposition. 
The results also showed that PTH’s enhancement of mechani- 
cal loading was largely additive. A competitive response was seen 
only in section 9 of the tibia at weeks 18–20 ( Fig. 3 A), where the 
effect of the combined PTHML treatment was statistically smaller 
than the sum of the effects of the monotherapies. However, the 
impact of the benefits of combined treatment on strain distribu- 
tion in the proximal tibia at week 22 was non-additive ( p < 0.05) 
( Fig. 3 B). Previous studies have shown the synergistic effect of PTH 
and mechanical loading in the proximal tibia in healthy, young 19 
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Fig. 7. The link between local mechanical stimulus and bone adaptation. Correlations between bone adaptation between weeks 20–22 and SED from the preceding week 
20 show the efficacy of each treatment on the mouse tibia is region-dependant. (A) Locations and extent of bone adaptation for representative tibiae from each treatment 
group. The graphs show individual measurements of bone adaptation, across the 10 sections for each animal. Regression results and the 95% confidence interval in the most 
proximal seven sections of the whole bone for (B) periosteal apposition (C) and periosteal resorption. (D) Anabolic effect of mechanical loading was highest in the posterior 
region. (E) The regional effect on periosteal resorption was minimal for all treatments. Coloured dots represent the data at each of the 10 longitudinal sections of the mouse 
tibia, pooled together for all mice ( N = 6 for all treatment groups, N = 5 for UNT). Dots in grey are from sections below the tibio-fibular joint and not used in the regression 
analysis. 
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Fig. 8. The extent that bone adaptation is driven by changes in strain at the organ level. Results are separated into spatial match, which is the ratio between the number of 
correctly predicted voxels and the total predicted voxels of the same type, on the (A-B) endosteal and (C-D) periosteal surfaces; and prediction accuracy, which measures the 
number of correctly predicted voxels, normalised by the number of experimentally observed changes of the same type, on the endosteal (E-F) and periosteal (G-H) surfaces. 
Solid lines indicate apposition while dashed lines indicate resorption across the longitudinal axis from distal (1) to proximal (10). 
week old mice after 4 weeks of PTH followed by 2 weeks of me- 
chanical loading [11] , whereas only additive effects were seen in 
19 months old mice with a similar study design [6] . As PTH in- 
jection was performed after the completion of mechanical loading 
rather than before, this may have reduced the combined effects at 
weeks 18–20, compared to the case where PTH is injected before 
the commencement of loading, that was found to stimulate bone 
formation [ 46 , 47 ]. Moreover, the regions benefiting from the posi- 
tive interactions of PTH and ML on bone adaptation increased from 
60% of the tibial length at weeks 18–20 to 90% at weeks 20–22. 
The catabolic effect of PTH monotherapy increased at weeks 20–
22, highlighting the effect of prolonged PTH monotherapy needs to 
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be carefully managed [11] . Few studies have analysed the effects of 
interventions on the distal tibia, but we showed for the first time 
that the additive effects of PTH and mechanical loading in the dis- 
tal tibia, with PTH improving the BMC and ML contributing to the 
geometrical properties. 
The correlation analyses ( Fig. 6 ) substantiated the capability 
of the combined experimental-computational approach to under- 
stand the contribution of daily physiological loading to bone re- 
modelling in the whole bone. Previous studies have either linked 
the estimated strains under mechanical loading with the remod- 
elling state to obtain the formation and resorption probability in 
the whole bone [ 18 , 4 8 , 4 9 ], or directly correlated loading-induced 
strain and rates of remodelling in small sections of bones through 
linear regression [ 10 , 30 ]. Our assessment builds on the latter ap- 
proach but also enables the direct comparison of different treat- 
ments. The results showed a strong correlation between the fre- 
quency of bone remodelling and the local mechanical environment 
above the tibiofibular joint at the tissue level ( ∼1 mm), but not 
below it, for all treated and untreated tibiae. This is consistent 
with previously published data that showed two different trends 
in cortical thickness and second moment of area, split at the dis- 
tal tibio-fibular joint [ 6 , 8 ]. This would explain contradictory re- 
sults where positive correlations were found in small segments of 
the mouse tibia [10] , but not in rooster tarsometatarsus [50] or 
turkey radii [51] , which have high areal symmetries. The stronger 
apposition response for the ML and PTHML groups were driven by 
the increased response in the posterior section, supporting earlier 
studies that suggested that tensile strain drives higher adaptive re- 
sponse than compressive strain [1] . 
Predictive models of bone adaptation are useful to understand 
changes to the bone microarchitecture, fracture risk, and response 
to treatment [ 21 , 25 , 26 , 38 ]. However, predictions of resorption in 
the mouse tibia using a simple mechanical stimulus have been 
poor [ 24 , 38 ] or have struggled to predict bone remodelling on the 
endocortical surfaces [ 8 , 42 ]. In contrast to Frost’s mechanostat, re- 
sults from the murine caudal vertebra [ 4 8 , 4 9 , 52 ] and small seg- 
ments of the human radius and tibia that showed that resorp- 
tion increases with decreasing strains, the correlation results in 
this study showed that resorption in the mouse tibia increased 
with higher SED under physiological loading. The similar rates of 
remodelling slopes also suggest that resorption is strongly linked 
with bone turnover in the mouse tibia under physiological load- 
ing. In this study, physiological loading based on the weight of the 
mice was used to ascertain the effects of all treatments on the 
bone adaptive response. However, the mismatch in the mechanos- 
tat theory and the experimental observation of the resorption en- 
velope was unexpected as the loads applied in the PTH and UNT 
models were in line with literature [ 25 , 26 ]. Thus, as expected, the 
use of a mechanostat-based bone remodelling algorithm was only 
able to predict bone apposition ( Fig. 8 ), even though bone remod- 
elling thresholds for the three treatments have the same trend as 
the results reported for the murine caudal vertebrae [25] . Most 
bone remodelling algorithms are centred on the assumption that 
treatment sensitises bone cells and lowers the set point for re- 
modelling [ 11 , 25 , 26 , 38 , 53 ]. However, the results indicate that the 
intersections of the correlation analyses were within the same or- 
der of magnitude for the UNT, ML and PTH groups, suggesting that 
the main mechanism for increased bone health is by activating a 
larger number of sites for bone apposition at locations of higher 
strains (in the proximal tibia). Finally, the utility of an optimisation 
algorithm that determines the parameters of bone remodelling by 
matching the change in shape with time is demonstrated here in 
the even predictive accuracy in apposition across the tibial length. 
As a linear bone adaptation algorithm was used, the results also 
indicate that over 50% of apposition was linearly strain driven. 
This work has some limitations that could be overcome in fu- 
ture studies. Firstly, in vivo micro-CT imaging is affected by a num- 
ber of image artefacts (e.g. beam hardening) that may affect the 
measurements of bone remodelling and changes in densitometric 
properties. To reduce these effects, we have used an optimised pro- 
tocol that minimises the effects of radiation on bone remodelling 
[31] and that includes a beam hardening correction based on high- 
density wedge shape phantom [35] . Moreover, the changes in den- 
sitometric properties were evaluated over a large portion of the 
bone [36] and with respect to baseline measurements, limiting the 
effects of artefacts at each time point. Nevertheless, further opti- 
misation of the scanning protocol to increase the image resolution 
will be needed to provide better estimates of local densitometric 
properties at the voxel level, which would affect the local geometry 
in the mechano-regulation models. Secondly, the study design uses 
a load of 12 N at both time points in the PTH and PTHML groups, 
matched in peak force to highlight the effects of microstructural 
and geometrical changes on the response to treatment(s). However, 
the results showed that bone adaptation (material and geometri- 
cal changes) induced after the first set of treatment were different. 
Therefore, based on the principles of superimposition and sensitiv- 
ity results of the in vivo loading conditions [40] , the strains engen- 
dered in the mouse tibia at week 21 of loading would be lower in 
the PTHML group than the ML group. Similarly, all the mice in the 
PTHML group received 1 week of PTH injections prior to the first 
application of mechanical loading, hence the applied load of 12 N 
was not strain-matched across treatment or time. Thus, the effects 
of mechanical loading with PTH are likely to be under rather than 
over-estimated. Nevertheless, matching in load improves the trans- 
latability of this combined experimental-computational methodol- 
ogy for clinical applications [24] Finally, fluorochrome labelling and 
immunohistochemistry should be performed as part of future work 
to determine the role played by osteoblasts and osteoclasts on the 
resulting bone apposition and resorption at the tissue level. 
5. Conclusions 
In summary, the use of a validated, multiscale longitudinal 
micro-CT and micro-FEA combined approach enriches the moni- 
toring and assessment of skeletal health induced by disease and/or 
treatment, which have previously been limited to mechanical load- 
ing or restricted at specific locations. Mechanical loading and PTH 
treatments as monotherapies or combined therapies showed spa- 
tiotemporal differences across groups, additive and non-additive 
(competitive) interactions between treatments in the proximal 
and distal tibia. Mechanical loading improved the regulation of 
bone remodelling to withstand daily physiological load through 
increased rate of osteogenesis, benefitting primarily the proximal 
regions, whereas only PTH-based treatments improved bone for- 
mation in the distal tibia. Thus, the targeting of bone regions 
to reduce fracture risk and/or to optimise the dosage and dura- 
tion of loading and pharmacological interventions will improve the 
management of osteoporosis. This methodology can be applied to 
investigate the interactions of other pharmacological treatments, 
without or with mechanical loading, the mechanisms of skeletal 
growth and ageing, and potentially for soft tissue development us- 
ing other imaging modalities. 
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